Mitochondria coordinate diverse functions within neurites, including signaling events for axonal 23 maintenance, and degeneration. However, less is known about the role of mitochondria in axon 24 development and maturation. Here we find that in maturing retinal ganglion cells (RGCs) in vivo, 25 axonal mitochondria increase in size, number, and total area throughout development. We 26 demonstrate through multiple approaches in vivo that the mechanism underlying these 27 mitochondrial changes are dependent on eye opening and associated neuronal activity, which can 28 be mimicked by brain derived neurotrophic factor (BDNF). We report downstream gene and 29 protein expression changes consistent with mitochondrial biogenesis and energetics pathways, and 30 present evidence that the associated transcripts are localized and translated at mitochondria within 31 axons in an activity-dependent manner. Together these data support a novel model for 32 mitochondrial-localized translation in support of intra-axonal mitochondrial dynamics and axonal 33 maturation. 34 35 42 of approximately 600-1500 proteins encoded in the nucleus 5-12 , yet mitochondria can be separated 43 down the axon by a meter or more from the cell body 13 . 44 3 45 As a result, such cells have evolved unique mechanisms for maintaining continuous 46 communication between mitochondria and the nucleus 14 . These include shuttling mitochondria 47 and their nuclear-encoded proteins up and down axons using motor proteins kinesins and 48 dyneins [15][16][17][18] . Transported mitochondria are also capable of undergoing fusion or fission with 49 neighboring mitochondria, acquiring or shedding genetic material and proteins 19 . Finally, new 50 mitochondria can also be assembled and packaged with nuclear and mitochondrial encoded 51 proteins, in a process known as mitochondrial biogenesis. This process takes place in the 52 perinuclear space and within axons, leading to increased numbers of mitochondria in neuronal 53 compartments [20][21][22] . Together these changes in mitochondrial localization, size and total cellular 54 volume are referred to as mitochondrial dynamics. 55 56 An additional mechanism implicated in supplying nuclear proteins to distal axonal mitochondria 57 is the transport and then local translation of RNA in axonal compartments (reviewed elsewhere 23 ). 58
Introduction 36
Neurons are among the highest metabolically active cell types in the body. This is due in part to 37 mitochondrial oxidative phosphorylation highly coupled with the energy demand generated by 38 electrophysiologic activity and associated signaling 1-3 . Beyond ATP production, mitochondrial 39 activities such as calcium homeostasis, fatty acid oxidation, secondary messenger and signaling 40 pathway modulation also participate in supporting neurons and their extensive axonal 41 compartments 4 . Mitochondrial activities are critically dependent on the expression and assembly 4 Mitochondrial networks reorganize at the time of eye opening 68
We first studied mitochondrial organization in RGC axons in transgenic mice expressing cyan 69 fluorescent protein (CFP) fused to the COX8a mitochondrial targeting sequence under control of 70 the Thy-1 promoter (Thy1-CFP/COX8A). In this mouse, approximately 5% of RGCs express the 71 CFP/COX8a transgene, permitting visualization and quantification of mitochondria in RGC axons 72 ( Figure 1A,B ). We used this mouse model to investigate axon-specific mitochondrial networks at 73 postnatal (P) days 9, 12, 15, and 45, as RGCs experience significant developmental changes 74 through this time period [28] [29] [30] [31] [36] [37] [38] [39] [40] [41] [42] [43] [44] . Of note, these time points also follow the period of 75 developmental cell death in RGCs, which peaks at P5 in mice [45] [46] [47] , thus allowing for the 76 identification of mitochondrial changes independent of cell death signaling, which can influence 77 mitochondrial morphology 48, 49 . Analysis of CFP-labeled mitochondria in whole mount retinas and 78 optic nerves by confocal microscopy revealed significant reorganization in RGC axons throughout 79 postnatal development ( Figure 1B ). Overall, mitochondria increased in size, number, and occupied 80 a greater percentage of axonal area from P9 to P45 ( Figure 1C -E). Interestingly, within a relatively 81 short window of development, around eye opening (P12/13 to P15), mitochondrial size, number, 82 and occupied area increased in both RGC retinal and optic nerve axon segments, with optic nerve 83 mitochondria experiencing the greatest change during this time window. 84 85 Although Thy-1 gene expression peaks around P12 in RGCs and continues to be stably expressed 86 throughout adulthood 50 , and thus Thy-1 promoter-related artifacts are unlikely, mitochondria size 87 changes from P12-P15 were also confirmed by transmission electron microscopy (TEM; Figure  88 2). Specifically, mitochondrial size, number, and occupied area increased in RGC axons from P12 89 to P15 by 25%, 105%, and 31% respectively ( Figure 2B , C, D). Thus by both fluorescence and 90 5 TEM imaging, RGC axon mitochondrial size, number, and occupied area increase during this 91 developmental window. 92 93 Eye opening regulates mitochondrial networks 94
As eye opening occurs between P12-P15 with a concomitant significant increase in visual activity, 95 we asked whether the mitochondrial morphological changes are dependent on eye opening in CFP-96
COX8a mice with surgically premature or delayed eye opening. ( Figure 3A ). For premature eye 97 opening, we surgically opened the P10 eyelid margin, two days prior to normal eye opening, and 98 allowed animals to mature to P12. We found increases in mitochondrial size, number and occupied 99 area in retinal and optic nerve axons compared to unopened P12 eyes ( Figure 3B , C, D). Thus eye 100 opening accelerates the mitochondrial morphology changes identified in normal development. 101
102
Conversely, to determine if eye opening is necessary for the developmental increases in 103 mitochondrial size, number, and occupied area from P12-15, we delayed eye opening by suturing 104 eyelids shut at P11, prior to natural eye opening, then allowed mice to mature to P15, delaying eye 105 opening by 2-3 days ( Figure 3A ). Compared to age-matched controls, the delayed eye opening 106 model led to significant decreases in all mitochondrial measurements ( Figure 3B , C, D), in most 107 cases back to levels found in P12 animals. Thus, these data suggest that the process of eye opening 108 is sufficient and necessary for the mitochondrial network increases found from P12-15. 109
RGC activity and BDNF regulate mitochondrial networks 111
These findings suggested the hypothesis that light-stimulated electrical activity in axons (i.e., 112 action potentials) contribute to the observed changes in axon mitochondrial distribution and 113 6 morphology. To test the contribution of electrical activity to axonal mitochondrial changes during 114 the period of eye opening, we pharmacologically inhibited both spontaneous and light-evoked 115 electrical activity in RGCs by intravitreally injecting tetrodotoxin (TTX) 51 prior to eye opening at 116 P11 and again after eye opening at P13, followed by mitochondrial quantification at P15. We found 117 that TTX but not control vehicle injection inhibited mitochondrial increases in size in retinal and 118 optic nerve axons ( Figure 4A, B) , and mitochondrial number and occupied area only in the optic 119 nerve portion of RGC axons ( Figure 4C , D), in all cases to levels equivalent to vehicle injected 120 P12 animals. Thus RGC electrical activity is a significant contributor to mitochondrial network 121 changes that occur concomitant with eye opening. However, discrepancies in mitochondrial 122 numbers and area within retinal versus optic nerve axons likely indicate additional regulation that 123 contributes to mitochondrial dynamics during this period. 124 125 Downstream of electrical activity, BDNF expression has been shown to be regulated by eye 126 opening and to be blocked by TTX injection 36 , and to modulate mitochondrial dynamics 36,52-55 . To 127 determine whether BDNF could rescue the inhibitory effects of TTX on mitochondrial networks, 128 BDNF and TTX were co-injected at P11 and again at P13, and mitochondrial parameters were 129 7 4A-D). Nonetheless, these data suggest that activity and BDNF are both critical in regulating the 137 morphology and distribution of optic nerve axon mitochondria during this stage of visual system 138 development. 139 140 Activity and BDNF regulate the expression of nuclear encoded mitochondrial genes 141
To investigate molecular mechanisms associated with activity and BDNF, we explored the 142 transcriptional influence of exogenously added BDNF and TTX on nuclear-encoded mitochondrial 143 gene expression in RGCs. To accomplish this, we injected TTX and/or BDNF in combination or 144 alone at P11 and P13, acutely purified RGCs from P15 retinas, and extracted RNA for qRT-PCR 145 gene arrays. We then analyzed expression data and conducted pathway analysis. Major upstream 146 regulators were identified by probing the gene expression sets for targets of known regulators, and 147 then filtering for genes whose expression was concordant with the inhibitory effects of TTX and 148 subsequent rescue with BDNF on mitochondrial morphology and distribution ( Figure 5A ). The 149 resulting analysis revealed that PGC1-⍺ and RICTOR, master mitochondrial dynamics and 150 energetics modulators, were putative upstream regulators of genes modulated by TTX and/or 151 BDNF ( Figure 5B , C). For many mitochondria genes regulated by RICTOR and PGC1-⍺, TTX 152 and BDNF showed opposing effects on expression. In most cases, the gene expression profile of 153 TTX+BDNF mimicked that of BDNF alone, suggesting BDNF's effects on gene expression were 154 dominant over effects of TTX and placing BDNF downstream of activity. Furthermore, BDNF 155 increased basal and maximum respiratory capacity in purified RGCs in vitro even in the presence 156 of TTX ( Figure 5D ), consistent with pathways predicted by these gene expression changes. 157
Ontological analysis of these gene expression datasets suggested opposing functions between 158 BDNF and TTX, with fission/fusion and mitochondrial biogenesis pathways induced by BDNF 159 8 and suppressed by TTX ( Figure 5E , F), consistent with our in vivo data. 160 161 Activity regulates mitochondrial associated local translation and mitochondrial dynamics 162
Our gene arrays showed that expression of many of the mitochondrial genes assayed were 163 suppressed by TTX-mediated inhibition of activity. To investigate whether transcription or 164 translation activity were being globally downregulated in RGCs by activity inhibition, we treated 165 RGCs with 5-ethynyluridine (EU), a uridine analog, or O-propargyl-puromycin (OPP), a 166 puromycin analog. These molecules readily incorporate into newly synthesized RNAs (with EU) 167 or proteins (with OPP), and can be conjugated to fluorophores with click chemistry to visualize 168 the location and relative amount of synthesis taking place within cells 56,57 . Using this approach, 169 we first tested whether TTX inhibited transcription or translation by intravitreally injecting TTX 170 at P11 and P13, and then pulsing with EU or OPP at P15 for 1hr. Upon visualization, no detectable 171 differences in signal intensity from EU or OPP were identified in retinas ( Figure 6A ), suggesting 172 that transcription and translation where not broadly inhibited by activity suppression. 173 174 However, because of the potential variability with labeling efficiency, either from injection site 175 differences, variations in injection volumes, and/or kinetics of intravitreal injection dispersion, we 176 followed up in vivo experiments with in vitro approaches where EU and OPP labeling can be better 177 controlled and quantified. For in vitro approaches, RGCs were isolated to 99% purity by 178 immunopanning from early postnatal mouse retinas and seeded at low density, allowing for the 179 visualization of individual cells and neurites. Then, cells were virally transduced to fluorescently 180 label mitochondria with a Cox8a targeted dsRED, cultured for 48hrs, treated with TTX for 2hrs, 181 and finally pulsed for 15 min or 1hr with OPP or EU, respectively. The cells were treated with 182 9 TTX for a shorter period of time than during in-vivo experiments to avoid significant changes in 183 viability, which at early postnatal days has the potential to decrease cell survival, unlike the in vivo 184 time points tested 58 . However, no detectable decrease in viability after 2hr of TTX incubation was 185 detected ( Figure 6B ). In RGCs in vitro, we again found cells with intensely labeled peri-nuclear 186 regions, but no discernable differences in new transcript or protein levels in the cell body regions 187 ( Figure 6C ), similar to in vivo experiments. Interestingly, in OPP-treated cells, obvious puncta 188 were also visible in axonal segments. These puncta appeared scattered throughout distal axon 189 segments in axonal tips, with varying sizes and numbers ( Figure 6D ). To see if activity inhibition 190 by TTX could influence the presence of these axon-localized OPP puncta, we quantified the 191 abundance of OPP sites within axonal segments, and found that TTX-treated axons demonstrate 192 significant decreases (~70%) in the number of OPP puncta as compared to controls, similar to the 193 effects of translational inhibitor cycloheximide ( Figure 6E ), suggesting that activity regulates 194 axon-localized protein synthesis. Note that these changes in puncta number are not likely due to 195 decreased transport of newly synthesized proteins from the cell body, as the rate of soluble protein 196 transport is less than 0.1 µm/s (or 90 µm in 15 min) and would be an unlikely captured change 197 within the assay window in distal RGC axons 59 , which are typically longer than 600µm at 48hrs 198 of culture in these cells 60 . 199
200
Axon-localized protein translation has been previously described 31 , but to further examine axon 201 localized OPP puncta we immunostained cells with an antibody against cytoplasmic ribosomal 202 protein S3, an integral component of the 40s-ribosomal subunit translation initiation site 61 . In these 203 cells, we found a significant level of co-localization of ribosomal protein S3 with OPP puncta and 204 interestingly a large majority of these OPP puncta also colocalized with mitochondria ( Figure  205 6F,G), suggesting that the detected axon-localized OPP puncta active local translation sites are 206 often at or near mitochondria. Similar to our in vivo results, we further found that mitochondrial 207 size decreased in TTX-treated RGCs ( Figure 6H ) and was increased in the presence of BDNF, 208 which was dominant over the effect of TTX, with increases or decreases in mitochondrial size 209 correlating with increases or decreases in OPP-to-mitochondria localization (.499 r) ( Figure 6J ). 210
Of note, these puncta were not visible in EU-treated cells, which is either a reflection of the 211 abundance of RNA within axons or an indication of detection limitations. Thus new protein 212 synthesis is detected at mitochondria and together with mitochondrial network size shows a 213 dependence on electrical activity in RGC axons. 214
215
RNA binding proteins tether nuclear encoded mitochondrial mRNA to mitochondria 216
To investigate the potential for mitochondria to act as docking sites for nuclear-encoded 217 mitochondrial mRNA and new protein translation and, we conducted proteomic and qRT-PCR 218 experiments on mitochondria purified from optic nerves or retinas. Briefly, isolation of axonal 219 mitochondria was performed by incubating homogenized whole optic nerve tissue with a 220 magnetically conjugated Translocase Of Outer Mitochondrial Membrane 22 (TOM22) antibody. 221
Then, homogenates were passed through magnetic columns to remove cytosolic contaminants, 222 followed by extensive washing, elution, and the pelleting of mitochondria 62 ( Figure 7A ). We used 223 a number of approaches to validate this relatively novel purification protocol. First, isolated 224 mitochondria were examined by SEM and TEM, which showed that mitochondrial membranes 225 and cristae architecture were structurally maintained after isolation with dark puncta visible on the 226 outside of mitochondria ( Figure 7B We next examined these purified mitochondria for association with nuclear-encoded RNA binding 247 proteins and translation-associated proteins from 3 young mouse optic nerves and also whole 248 retinas by mass spectrometry, which yielded a total of 427 identifiable proteins after pooling all 6 249 samples. We cross-referenced these identified proteins with MitoCarta2.0, maintained by MIT's 250 Broad Institute, a database of thoroughly vetted proteins that co-purify with mitochondria 8,10 . 251
Using this approach, we were able to stratify our proteins into three groups of proteins based on 252 evidence of mitochondrial localization ( Figure 8A and Uniport 65 data bases using the gene ontology term RNA binding. Proteins that met these 263 criteria were then cross-referencing against datasets from the RNA-protein interactome of cardiac 264 cells 66 , HEK cells 67 , and HeLa cells 68 , as well as RNA binding protein databases AtTRACT and 265 RBPDB 69-72 . This yielded the identification of 71 proteins with RNA binding properties, of which 266 43 had published evidence of direct interaction with mitochondria( Figure 8C, D) . These included 267 proteins with roles in translation, RNA processing, and RNA shuttling. 268
269
Since these data suggested that nuclear-encoded RNA binding proteins associate with 270 mitochondria, we then asked whether there was also evidence for an association of nuclear-271 encoded mRNA on purified mitochondria. We purified mitochondria as above, extracted total 272 RNA from pellets, and assayed for the presence of mRNA by qRT-PCR arrays. This identified a 273 range of nuclear-encoded mitochondrial mRNAs, including genes that regulate mitochondrial 274 13 dynamics, cell death, and energetics ( Figure 9A,B) . All detected mRNAs amplified in less than 30 275 cycles, lending confidence to the integrity of these measurements. 276
277
To directly test the potential for mRNA tethering to outer mitochondrial membranes by RNA 278 binding proteins, as implied by the OPP imaging experiments, mass spectrometry, and qRT-PCR 279 array data, we treated mitochondrial isolates with Proteinase K to release surface proteins and 280 associated mRNA, and then pelleted treated mitochondria to assay by qPCR for mRNAs released 281 in the supernatant fractions ( Figure 10A ). As in Figure 8 , to ensure that mRNAs detected in these 282 assays were specific to mitochondria, we also verified the relative purity of mitochondrial fractions 283 by western blotting for the presence of cytoplasmic contaminants, using actin an additional control 284 ( Figure 10B ). We also took measures to verify that Proteinase K treatment did not release proteins 285 from the interior of mitochondria, as shown by western blots against Complex III-Core Protein 2 286 and Complex V alpha subunit proteins ( Figure 10C ). In addition, there was no significant decrease 287 in mitochondrial encoded mRNA ND4 in mitochondrial pellets and no significant increase in 288 supernatant fractions ( Figure 10D ), providing strong evidence that Proteinase K did not interfere 289 with inner mitochondrial protein or RNA. However, when purified mitochondria were tested for 290 the release of nuclear-encoded mRNAs by Proteinase K, we found a significant number of mRNAs 291 were released from mitochondrial pellets into the corresponding supernatant fraction, as compared 292 to controls ( Figure 10D ). These mRNAs coded for proteins known to regulate mitochondrial 293 dynamics, biogenesis, energetics, and RNA transport. We also found mRNA encoding cytoplasmic 294 proteins GAPDH and actin bound to mitochondria, suggesting that bound mRNAs are not limited 295 to those coding for mitochondrial-specific proteins. Interestingly, when we pre-treated in vivo with 296 TTX at P11 and P13 and then assayed purified retinal mitochondrial transcripts from P15 mice, 297 14 there were essentially no significant changes in mitochondrial localized mRNAs dependent on 298 activity, although this could reflect an under sampling error as RGCs make up less than 1% of 299 retinal cells. Overall, these data indicate that mitochondria bind nuclear-encoded mRNAs known 300 to modulate mitochondrial size, number, and energetics, and that this process is mediated by RNA 301 binding proteins present on mitochondrial membranes. including axon growth and presynaptic maturation, with mitochondrial dynamics and energetics 319 having stereotyped roles in these developmental events (reviewed elsewhere 76 ). Yet, the link 320 15 between activity or BDNF signaling and changes in mitochondrial dynamics during CNS axon 321 maturation in vivo had not been investigated. Here we show that RGC activity and downstream 322 BDNF during eye opening is sufficient and necessary to increase mitochondrial size and number 323 in RGCs' optic nerve axons during development, and that activity also plays a similar, albeit more 324 muted role, in regulating mitochondrial morphology in RGCs' retinal axon segments. Whether this 325 dependence is also observed during earlier periods of RGC development, e.g. when RGCs 326 experience correlated waves of activity generated by amacrine cells before eye opening, or in other 327 developing neurons, will be important questions to pursue. 328
329
In addition, we provide data supporting a new model in which activity and BDNF are modulating 330 mitochondrial dynamics, biogenesis, and energetics in part through gene expression and local 331 protein translation. Analysis of gene expression data pointed to the activation of transcriptional 332 networks linked to PGC1-⍺ and RICTOR by activity and BDNF during the period of eye opening, 333 similar to findings in other neurons 77 . Furthermore, cellular energetics are linked to PGC1-⍺ 78 and 334 RICTOR 79 signaling, and our data reflected these findings 80 , and suggest that activity and BDNF 335 also regulate basal respiration in RGCs, with BDNF increasing the maximum respiration capacity 336 of RGCs regardless of activity inhibition. Thus, our data is indicative of a generalized increase in 337 mitochondrial biogenesis activity in RGCs treated with BDNF (and vice versa with TTX 338 treatment), a mechanism by which morphology and distribution along axons may be regulated. 339
Overall, these data also support a pathway in which eye opening and subsequent increased 340 plates (Greiner Bio-One) 93,94 , in media with or without BDNF supplement as previously 391 described 86 . Then, RGCs were treated with baculoviruses to label mitochondria (BacMam 2.0, 392 Thermo Fisher Scientific, C10601) and 48 hrs later incubated with pharmacological agents, at 393 stated concentrations and times. In RNA or protein labeling experiments RGCs were incubated 394 with EU for 2 hrs or OPP for 15 min (according to the Click-iT Nascent RNA or Protein Synthesis 395 Assay Kit from Thermo Fisher Scientific, C10327 or C10456). After all incubations cells were 396 then fixated (4% PFA PBS), permeabilizated (0.5% Triton PBS), and in EU-or OPP-incubated 397 cells, Click labeling reaction were performed. To identify ribosomes, cells were incubated with 398 antibodies against ribosomal protein S3 (Cell Signaling Technology, D50G7) at 1:100 overnight 399 at 4°C, and secondary Alexa-647 conjugated antibodies at 1:500 for 2hrs at room temperature. To 400 label growth cones, cells were incubated with Alexa Fluor® 647 Phalloidin (Thermo Fisher 401 Scientific, A22287) at 1:40 room temp. for 30 min prior to confocal imaging. In oxygen 402 consumption experiments, RGCs were plated as described above, with or without BDNF, at 403 40k/well in 96 well plates designed for the Seahorse XF96 instrument (Agilent, 101085-004). After 404 culturing for 24hrs, media was exchanged with Assay Media (Agilent, 102365-100) and FluxPak 405 injectable ports were loaded with drugs as recommended by mitochondrial stress test kit (Agilent, 406 103015-100). TTX was loaded in the empty port A as the first injection, followed by Oligomycin, 407 FCCP, and Rotenone/Antimycin A, respectively. After assay was complete oxygen consumption 408 values were normalized to the number of Dapi positive cells per well. 409 Phall. OPP
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